How often phenotypic plasticity acts to promote or inhibit adaptive evolution is an ongoing debate among biologists. Recent work suggests that adaptive phenotypic plasticity promotes evolutionary divergence, though several studies have also suggested that maladaptive plasticity can potentiate adaptation. The role of phenotypic plasticity, adaptive, or maladaptive, in evolutionary divergence remains controversial. We examined the role of plasticity in evolutionary divergence between two species of Peromyscus mice that differ in native elevations. We used cardiac mass as a model phenotype, since ancestral hypoxia-induced responses of the heart may be both adaptive and maladaptive at high-altitude. While left ventricle growth should enhance oxygen delivery to tissues, hypertrophy of the right ventricle can lead to heart failure and death. We compared left-and right-ventricle plasticity in response to hypoxia between captive-bred P. leucopus (representing the ancestral lowland condition) and P. maniculatus from high-altitude. We found that maladaptive ancestral plasticity in right ventricle hypertrophy is reduced in high-altitude deer mice.
A controversial question in evolutionary biology is how often phenotypic plasticity acts to promote or inhibit adaptive evolution (Schlichting and Pigliucci 1998; West-Eberhard 2003; Ghalambor et al. 2007) . Early theory dismissed the importance of plasticity in evolution because environmentally induced phenotypes can shield genetic variation from natural selection when they perfectly match local adaptive optima (Schlichting and Pigliucci 1998) . More recent research, however, has shed light on the conditions under which phenotypic plasticity can shape evolutionary outcomes (Price et al. 2003; West-Eberhard 2003 Pigliucci et al. 2006; Ghalambor et al. 2007; Schlichting 2008; Wund et al. 2008; Pfennig et al. 2010; Scoville and Pfrender 2010; Moczek et al. 2011; Shaw et al. 2014; Mäkinen et al. 2015; Van Buskirk 2017) . This growing body of work suggests that some forms of plasticity are important in the early stages of adaptive evolution to novel environments. A primary benefit of phenotypic plasticity to the colonizers of novel environments is that it can increase the probability of persistence (i.e., the Baldwin Effect; Baldwin 1902; Simpson 1953) , the first step toward reaching local adaptive optima. Subsequent adaptive evolution may then proceed via selection acting on genetic variation in the reaction norm. One potential outcome of such selection is the fine-tuning of plasticity (i.e., genetic accommodation; West-Eberhard 2003) . In cases where the novel environmental pressure is constant, genetic accommodation may canalize ancestral plasticity, such that ancestrally plastic traits become constitutively expressed (i.e., genetic assimilation; Waddington 1953 Waddington , 1961 Schlichting and Pigliucci 1998; Pigliucci and Murren 2003; Pigliucci et al. 2006; Lande 2009 ). This evolutionary loss of plasticity may arise from selection against the costs of maintaining plastic response systems or as a result of mutation accumulation and genetic drift on genes underlying plasticity itself (DeWitt et al. 1998; Relyea 2002; Snell-Rood et al. 2010; Murren et al. 2015) .
These scenarios apply when ancestral plasticity produces adaptive trait values in a novel environment, but phenotypic plasticity is not universally adaptive; plasticity may be neutral or even deleterious to an organism's fitness (collectively referred to as nonadaptive plasticity; Ghalambor et al. 2007 ). In fact, ancestral plasticity that has deleterious fitness effects (i.e., maladaptive plasticity) may be common, because plastic response systems that evolved in an ancestral context can result in a misdirected response when co-opted in a novel context (Storz et al. 2010) . Maladaptive plasticity can thus reduce fitness through a mismatch between the ancestral response and the optimal response to the novel environment (Conover and Schultz 1995; Langerhans and DeWitt 2002; Grether 2005; Sih et al. 2011) . These maladaptive responses are predicted to increase the strength of natural selection on the colonizing population, with selection acting to suppress or eliminate them (Ghalambor et al. 2007 Storz et al. 2010; Fischer et al. 2016) . While some recent studies support this hypothesis (Grether 2005; Handelsman et al. 2013; Morris and Rogers 2013; Pespeni et al. 2013; Schaum and Collins 2014; Dayan et al. 2015; Ghalambor et al. 2015; Fischer et al. 2016; Ho and Zhang 2018; Hoke et al. 2018) , how this process proceeds in nature remains controversial and poorly understood (Stein and Huang 2017; Mallard et al. 2018) . Empirical tests of the relationship between ancestral plasticity and adaptive evolution are needed to understand how plasticity contributes to local adaptation.
We used two species of Peromyscus mice, P. maniculatus (deer mouse), and P. leucopus (white-footed mouse), to test hypotheses about the relative roles of phenotypic plasticity in adaptation to high altitude. Peromyscus is a diverse genus of cricetid rodent that occupies a broad range of habitats throughout North America. These two focal species diverged 5.5-11.7 million years ago (timetree.org; Hedges et al. 2015) and are nested in a monophyletic clade that includes four additional species (Bradley et al. 2007; Platt et al. 2015; Fig. 1) . Within this clade, occupation of low-altitude habitats (<3000 m above sea level ; Bouverot 1985) is the ancestral condition (King 1968; Fig. 1) . P. maniculatus has the broadest elevational range, occupying habitats from sea level to 4350 m a.s.l. (Fig. 1) . Population genetic analyses show that highland and lowland populations of P. maniculatus are genetically distinct, and that high-altitude P. maniculatus are descended from lowland ancestors (Natarajan et al. 2015) .
The high-altitude environments inhabited by P. maniculatus are extreme and characterized by low oxygen availability (hypobaric hypoxia), which places severe limitations on aerobic metabolism (Storz et al. 2010) . Several decades of research suggests that P. maniculatus have locally adapted to high altitude via coordinated modifications to the oxygen transport cascade. Compared to P. leucopus and a low-altitude population of P. maniculatus, deer mice native to the Rocky Mountains (ß4300 m a.s.l) have evolved an increased aerobic capacity to support heat generation in hypoxia (Cheviron et al. 2012 (Cheviron et al. , 2013 Lui et al. 2015; Tate et al. 2017) , which is under strong selection in the wild (Hayes and O'Conner 1999) . Evolved increases in thermogenic capacity are associated with an increased ability to oxidize energy-rich lipids under hypoxia (Cheviron et al. 2012) , and enhanced transcription of genes involved in oxygen diffusion and utilization in skeletal muscle (Cheviron et al. 2014) . High-altitude deer mice are also able to maintain a higher blood O 2 saturation under hypoxia via changes to the O 2 -binding affinity of their hemoglobin (Snyder 1981; Snyder et al. 1982; Chappell and Snyder 1984; Storz 2007 Storz , 2016 and an enhanced ability to extract oxygen from each heart beat (Tate et al. 2017) . These results suggest that evolved shifts in thermogenic capacity are associated with a modified capacity to obtain and circulate oxygen. Recent studies have also demonstrated that high-altitude P. maniculatus have evolved a highly aerobic skeletal muscle, which is likely to contribute to enhanced shivering during thermogenesis: compared to low-altitude P. maniculatus, high-altitude deer mice have denser capillaries and more oxidative fibers in gastrocnemius muscle Lui et al. 2015) , along with an increase in the density of mitochondria, particularly those found closer to the capillary beds (Mahalingam et al. 2017) .
A number of recent studies suggest that phenotypic plasticity contributes to improved aerobic performance under hypoxia in highland P. maniculatus (Cheviron et al. 2013 (Cheviron et al. , 2014 Lui et al. 2015; Velotta et al. 2016; Tate et al. 2017) , though constitutive differences in aerobic performance suggest limits to phenotypic plasticity in both lowland P. maniculatus and P. leucopus (Cheviron et al. 2012 (Cheviron et al. , 2013 Lui et al. 2015) . This limitation may exist in part because phenotypic plasticity can induce some physiological responses to chronic hypoxia that can hinder oxygen transport in native lowlanders (Storz et al. 2010) . This is because many of the physiological systems that mediate hypoxia responses in lowlanders evolved in low-altitude environments. As a result, these responses did not evolve to counteract atmospheric hypoxia per se, but rather arose to help regulate oxygen levels in arterial blood or to cope with acute bouts of blood loss or localized reductions in tissue oxygenation (Storz et al. 2010) . Under the global effects of hypoxia at high altitude, some of those ancestral responses retain their benefits (e.g., increased ventilation; Scott and Milsom 2007) , but several others limit oxygen delivery and contribute to pathophysiological conditions such as overproduction of red blood cells and pulmonary hypertension (Rivera-Ch et al. 2007; Storz et al. 2010; Simonson et al. 2015) . Species that colonize high-altitude environments often show an attenuation or complete loss of such maladaptive plasticity (Durmowicz et al. 1993; Groves et al. 1993; Ge et al. 1998; Sakai et al. 2003; Beall 2007) .
In this study, we acclimated laboratory born and reared highland P. maniculatus to hypobaric hypoxia and compared their responses to those of lowland P. leucopus exposed to the same husbandry and acclimation regime. This experimental framework allowed us to test predictions about the role of phenotypic plasticity in evolutionary divergence, using heart size as a model phenotype. Components of cardiac form and function that change in response to hypoxia in highland mammals may stem from both adaptive and maladaptive plasticity (Richards 1960; Storz et al. 2010) . Growth of the left ventricle, for example, should increase cardiac output and the delivery of oxygen, since this large muscular ventricle is responsible for pumping blood through the systemic circulation. Large left ventricles are often associated with highly aerobic ecotypes (Gamperl and Farrell 2004; Dalziel et al. 2015; Nespolo et al. 2018) , and should be adaptive so long as increases in left ventricle size do not come at the cost of reduced lumen volume. This is not true for the right ventricle of the heart, which pumps blood through the pulmonary circulation, and for which hypertrophy in response to hypoxia is symptomatic of a suite of maladaptive physiological responses. Right-heart hypertrophy occurs because of two common ancestral hypoxia responses in lowlanders-vasoconstriction and remodeling of arterial blood vessels in the lungs, and an increased concentration of erythrocytes in the blood (arising from haemoconcentration and erythropoiesis). These responses lead to increases in pulmonary blood pressure and blood viscosity, which increase the workload on the right ventricle (which normally operates at low pressures and workloads), causing right-ventricle hypertrophy and increasing the risk of heart failure and death (Richards 1960; Moore et al. 1982; Zamudio et al. 1995; Moore 2001; Julian et al. 2007 Julian et al. , 2009 Wilson et al. 2007; Gonzales et al. 2009; Reddy and Bernstein 2015) . Excessive erythropoiesis, pulmonary remodeling, and subsequent right-ventricle hypertrophy are ubiquitous responses to high-altitude hypoxia in mammals adapted to low altitude (Valdivia 1957; Nakanishi et al. 2002; Sharma et al. 2004; León-Velarde et al. 2010; Storz et al. 2010) . Peromyscus mice appear to be no exception to this rule: several species of deer mice native to low altitude (P. leucopus, P. maniculatus, and P. polionotus) exhibit elevated hematocrit and hemoglobin concentration unpubl. data) , as well as an overgrowth of the right ventricle in response to hypoxia (unpubl. data from P. maniculatus native to 430 m a.s.l).
Given the differences in function between the left and right ventricles, we tested two hypotheses about the evolution of hypoxia-induced phenotypic plasticity in ventricle morphology. First, we hypothesized that selection should act to canalize putatively adaptive increases in left-ventricle size in response to hypoxia. Results consistent with this hypothesis would be hypoxiainduced growth of the left ventricle in lowland P. leucopus coupled with constitutively larger left ventricles in highland P. maniculatus. Second, for the right ventricle, we hypothesized that natural selection will have reduced or eliminated hypoxia-induced hypertrophy, resulting in a loss of maladaptive ancestral plasticity in the highlander. Results consistent with this hypothesis would be hypoxia-induced increases in right-ventricle mass in the lowland P. leucopus, and reduced hypertrophy under hypoxia in highland P. maniculatus. Thus, given our a priori expectations about the adaptive significance of changes in left-and right-ventricle mass, adaptive, and maladaptive ancestral plasticity can be identified based on whether the trait values of lowland P. leucopus and highland P. maniculatus converge or diverge after acclimation to hypoxia. We complemented our investigations of heart morphology with a transcriptomic analysis of left and right ventricles. We used weighted gene coexpression network analysis (Langfelder and Horvath 2008) to associate variation in heart mass with variation in transcriptome-wide gene expression. The goal of this analysis was to identify coregulated transcriptional modules that may underlie evolved differences in heart growth in response to hypoxia. We present evidence that loss of maladaptive plasticity in right-ventricle size is associated with evolutionary divergence between lowland and highland Peromyscus mice, but we find only weak evidence for the evolution of adaptive plasticity. Our results suggest that the selection against maladaptive plasticity can play an important role in adaptation to high-elevation environments.
Methods

ANIMALS AND EXPERIMENTAL PROCEDURES
The lowland and highland mice used in this experiment were derived from wild individuals collected from two locations in central North America in August 2014: P. leucopus were collected in the tallgrass prairie of eastern Nebraska (9 mile prairie; Lancaster Co., Nebraska, USA; 40°52 12 N, 96°48 20.3 W; 430 m above sea level; PO 2 = 97 kPa), and P. maniculatus rufinus were collected from the summit of Mt. Evans in the Rocky Mountains (Clear Creek Co., Colorado, USA; 39°35 18 N, 105°38 38 W; 4,350 m above sea level; PO 2 = 62 kPa). Both species were transported to an animal research facility at McMaster University (Hamilton, Ontario, Canada; elevation ß 50 m) where within-species mating pairs were established. First generation laboratory-reared progeny were maintained at a constant temperature between 23 and 25°C, 12:12 light/dark schedule, and an ambient normobaric pressure. Mice were given food and water ad libitum. Field collecting permits were obtained from Colorado Parks and Recreation (license no. 15TR2148) and the National Forest Service (permit no. CLC731).
Adult lowland and highland mice were acclimated to (1) normobaria in standard normoxic holding conditions, or (2) hypobaric hypoxia [barometric pressure of 60 kPa; equivalent to the elevation on the summit of Mt. Evans (ß4300 m)] in hypobaric chambers that have been described previously (McClelland et al. 1998; Lui et al. 2015) . Mice were housed 2-4 individuals per cage. Cages were cleaned twice per week during acclimations, which required that the hypoxic groups be returned to normoxia for a brief period (<1 h). Following acclimation for 20 weeks, individuals were euthanized using an overdose of isoflurane followed by cervical dislocation and measured for total body mass. Whole hearts were removed and measured for mass, after which the left and right ventricles were dissected and weighed separately, then flash frozen on liquid nitrogen. The septum was included in the measurement of left ventricle mass (Pichon et al. 2013 ). Hereafter, we refer to the combined mass of the left ventricle and septum collectively as left ventricle mass.
STATISTICAL ANALYSIS OF HEART MASS
We analyzed the effects of species (lowland P. leucopus vs highland P. maniculatus) acclimation treatment (normoxia vs hypoxia), and their interaction on whole heart, left ventricle, and right ventricle masses using two-way linear-mixed effects models (LME), implemented using the lmer function (lme4 package) in R v 3.3.1 (R Core Team). P-values were calculated with the anova function in the LmerTest package, using restricted maximum likelihood and Satterthwaite estimation for denominator degrees of freedom. Whole heart and ventricle masses were normalized to total animal mass (heart mass/body mass) to account for significant correlations with body size (whole heart: r = 0.73; P < 0.001; left ventricle: r = 0.78; P < 0.001; right ventricle: r = 0.51; P = 0.001). We did not detect significant effects of native elevation or treatment on body mass (LME; P > 0.05). Fixed effects of the LME were species and treatment. To account for relatedness among individuals, we included family nested within species as a random effect. When detected, nonsignificant (P > 0.05) two-way interactions were removed from full models. We then performed post-hoc one-way analysis of variance within each treatment to isolate the effect of species on heart mass. To account for an allometric relationship between heart and body size, we also performed LMEs as above using the residuals of a regression of heart, left, and right ventricle mass on body mass as response variables. A single value for right ventricle mass was removed from the final dataset due to overcutting during dissection, in which left ventricle tissue was accidently included with right ventricle, leading to an overestimate of mass.
RNA-SEQ LIBRARY PREPARATION AND TRANSCRIPTOMIC ANALYSIS
We performed massively parallel sequencing of left and right ventricle transcriptomes (RNA-seq; Wang et al. 2009 ) from 20 highland and lowland mice from each acclimation treatment (n = 5 per species/treatment group/tissue; 2-3 males and females per group). Sequencing libraries were separately prepared for left and right ventricles from each individual. For both tissues, RNA was extracted using TRI Reagent (Sigma-Aldrich, St. Louis, MO, USA), following manufacturer protocols. Approximately 25 mg of tissue from each sample was cut and used for RNA extraction. We generated Illumina sequencing libraries using a TruSeq RNA Sample Preparation Kit v2 (Illumina, San Diego, CA, USA) beginning with 1 μg of purified RNA. The libraries were sequenced as 100 nt single-end reads on an Illumina HiSeq2500 platform with 10 individuals multiplexed per lane using Illumina index adaptors. Samples were randomly allocated to one of two separate sequencing runs for each of the left and right ventricles.
Raw sequences are deposited in the NCBI Short Read Archive (SRA accession PRJNA494419). We performed a series of filtering steps to remove artifacts generated during sequencing. Reads with an average Phred quality score of less than 30 were removed from each library, after which low-quality bases were removed from the remaining sequences (Trim Sequences function in CLC Genomics Workbench v6; Limit = 0.05). Adaptor sequences were trimmed from sequence reads. These quality control steps yielded a total of approximately 300 million reads with an average of 13.8 million reads per individual (range = 10-17 million), and an average read length of approximately 100 bp.
After cleaning and trimming, we mapped reads to the Peromyscus maniculatus bairdii genome (Pman 1.0; GenBank accession: GCA 000500345.1) and computed transcript abundance values in CLC Genomics Workbench. Sequence reads mapped to a total of 27,106 P. maniculatus genes. Since genes with low read counts are subject to increased measurement error (Robinson and Smyth 2007) we excluded those with less than an average of 10 reads per individual, leaving a total of 14,597 and 15,211 genes for left and right ventricles, respectively. We chose to map to P. maniculatus based on the results of a previous analysis, which demonstrated that its use improves read mapping and leads to equivalent measures of gene expression relative to the well-annotated Mus musculus genome (Velotta et al. 2016) .
To improve functional analysis, we included 5687 additional annotations to the published P. maniculatus genome. Additional annotations were determined by blasting unannotated genes to the Mus protein database as in Velotta et al. (2016) .
STATISTICAL ANALYSIS OF GENE EXPRESSION DATA
Transcriptome-wide patterns of gene expression among left and right ventricles were assessed using Principal Components Analysis (PCA), and differential gene expression analyses (Bioconductor package edgeR Robinson and Smyth 2007; Robinson and Oshlack 2010; . For the differential expression analysis, the function calcNormFactors was first used to normalize read counts among libraries. We then estimated model dispersion for each gene using the function estimateGLMTagwiseDisp (McCarthy et al. 2012) . Differences in normalized transcript abundance were then tested using a generalized linear model (GLM), in which log 2-transformed transcript abundance was the response variable, and factors included species, treatment, and their interaction. We conducted a second GLM between treatments and within species to isolate the effects of hypoxia that were independent of species differences or native elevation. GLM log-likelihood ratio tests (LRTs) were used to assess significance in both analyses after controlling for multiple testing using a genome-wide falsediscovery rate (q-value) of 0.05 (Benjamini and Hochberg 1995) . Analyses were performed separately on left and right ventricle data, and all analyses were performed in R v3.3.1 (R Core Team).
We used weighted gene coexpression network analysis (WGCNA v. 1.41-1; Langfelder and Horvath 2008) to identify potential regulatory mechanisms that underlie plasticity and evolutionary divergence in ventricle size. WGCNA identified clusters of genes with highly correlated expression profiles (hereafter, coexpression modules) across all 20 transcriptomes. This approach has been successfully implemented in recent studies that aim to relate gene expression with higher level phenotypic variation (Fuller et al. 2007; Voineagu et al. 2011; Filteau et al. 2013; Plachetzki et al. 2014; Velotta et al. 2016; Campbell-Staton et al. 2017; Campbell-Staton et al. 2018 ). Prior to performing WGCNA, raw read counts were normalized by total library size and log-transformed using the edgeR functions calcNormFactors and cpm, respectively . Module detection was performed using the blockwiseModules function in WGCNA with default parameters (Langfelder and Horvath 2008) . Briefly, Pearson correlations of transcript abundance data were calculated between pairs of genes, after which an adjacency matrix was computed by raising the correlation matrix to a soft thresholding power of β = 6. Soft thresholding power β is chosen to achieve an approximately scale free topology, an approach that favors strong correlations over weak ones (Zhang and Horvath 2005) . A β of 6 was chosen because it represents the value for which improvement of scale free topology model fit begins to decrease with increasing thresholding power. A topological overlap measure was computed from the resulting adjacency matrix for each gene pair. Topologically based dissimilarity was then calculated and used as input for average linkage hierarchical clustering in the creation of cluster dendrograms for both left and right ventricles. Modules were identified as branches of the resulting cluster tree using the dynamic tree-cutting method (Langfelder and Horvath 2008) .
Once coexpression modules were defined for each ventricle, we used module preservation analysis in WGCNA (Langfelder et al. 2011 ) to test whether the structure of coexpression modules differed between left and right ventricles. This analysis was motivated by the observation that ventricle-specific networks yielded similar numbers of modules of a similar size range (see Results; Table 2 ; Fig. S2 ). The preservation analysis uses network-based preservation statistics to determine whether the properties of a module in one network can be identified in a second. This is accomplished through a permutation procedure that tests whether within-module connectivity patterns defined in a reference network are overrepresented in a test network compared to a sample of randomly defined networks. The permutation test is then used to estimate mean and variance of a suite of preservation statistics. We calculated P-values and Z-scores for each preservation statistic based on 200 permutations of genes randomly distributed across modules. A composite preservation statistic (Z summary ) was calculated to summarize Z-scores across seven preservation statistics (Langfelder et al. 2011) . We compared Z summary scores and P-values between modules in each ventricle network by specifying each as a reference and test network, for a total of two comparisons. Simulations suggest that Z summary > 10 is strong evidence of module preservation, while Z summary < 2 implies that modules are not preserved (Langfelder et al. 2011) .
Preservation analysis revealed that patterns of connectivity among left and right ventricle genes are highly conserved (Fig. S3 ). As such, we built a consensus network using the blockwiseConsensusModules function in WGCNA (Langfelder and Horvath 2008) , representing only modules for which patterns of connectivity are highly conserved between datasets. Only expression data from genes present in both datasets (14,588 genes) was used as input in the construction of the consensus network. All downstream analyses were restricted to modules identified by the consensus analysis. The goal of the consensus analysis was to define a common network such that variation among shared modules could be related to variation in heart phenotype.
Connectivity relationships among consensus modules were visualized using Cytoscape (Cline et al. 2007; Smoot et al. 2011) . Connections between modules were computed as the pairwise Pearson correlation between module PC1 scores (rcorr function in R v. 3.3.1). Only module pairs with significant correlations (P < 0.05; corresponding to r > 0.45) were included. The width of lines connecting modules were scaled to the absolute value of r, and the size of each module was scaled to the total number of genes.
Once consensus modules were defined, we used a multistep process to associate module expression among individuals with variation in left and right ventricle mass. First, we summarized module expression using principal components analysis (PCA) of gene expression profiles (blockwiseModules in WGCNA); because genes within modules are highly correlated by definition, the first principal component of the PCA was used to represent overall module expression (Langfelder and Horvath 2008) . We used PC1 scores to test for associations between module expression and ventricle mass for each module (Pearson correlation; cor function in WGCNA). P values for the correlation were determined by a Student's asymptotic test (corPvalueStudent in WGCNA). Correlation analysis was conducted separately for left and right ventricle transcript abundance data. Consensus modules represent the set of coexpressed genes present in both left and right ventricle transcriptomes, and not the combined or averaged transcript abundance values. Correspondingly, tests of associations between module expression and ventricle mass were performed for each ventricle separately. Among modules correlated with heart mass, we conduced analysis of variance (ANOVA) on rank-transformed PC1 scores (Plachetzki et al. 2014 ) to test for the effects of species, acclimation treatment, and their interaction on module expression.
We performed functional enrichment analysis on the consensus modules exhibiting correlations with left or right ventricle mass using the R package gProfilerR (Reimand et al. 2016 ) with "strong" hierarchical filtering, and Mus musculus Gene Ontology (GO) annotations. We corrected for multiple testing using gProfilerR's native g:SCS algorithm (Reimand et al. 2016) . We used the list of genes from filtered left and right ventricle transcriptomes as a custom background list in all enrichment analyses. We tested for GO enrichment using an ordered query with genes ranked by the correlation between their expression and module PC1 score (kME value in WGCNA; Langfelder and Horvath 2008); this approach gives more weight to genes that are highly connected (and putatively play important regulatory roles) to other genes within coexpression modules. We searched for enrichment among GO database terms, as well as transcription factor binding sites from the TRANSFAC database. Finally, we calculated an intramodular connectivity score, kME, in WGCNA to identify "hub" genes within phenotype-associated modules. Hubs are genes that are highly correlated with module expression (PC1 scores) and are thus likely to represent key genes in the regulation of module pathways (Langfelder and Horvath 2008) . We calculated kME as the absolute value of the Pearson correlation between gene expression and the PC1 score for its respective module (Langfelder and Horvath 2008) .
Results
MALADAPTIVE PLASTICITY IN RIGHT-VENTRICLE
MASS
Total heart size and growth in response to hypoxia differed weakly between lowland and highland mice. Relative whole heart mass increased with hypoxia exposure in lowland P. leucopus, but was unresponsive to acclimation treatment in highland P. maniculatus ( Fig. 2A) . Despite these trends, no statistically significant main effects or interactions were detected in LMEs, although the interaction between species and acclimation treatment approached significance (P = 0.06; Table 1 ). We did not detect statistically significant effects of species, treatment, or their interaction for whole heart when the residuals of heart mass on total body mass was used as the response variable (P > 0.05).
Isolating patterns of hypoxia-induced growth between ventricles revealed striking differences between highland and lowland mice. For left ventricle mass (Fig. 2B) , the LMEs revealed a statistically significant main effect of species on relative left ventricle mass and there was no significant interaction (Table 1) species under normoxia (F 1,15 = 7.1; P = 0.04; Fig. 2B ), and no significant effect of treatment within species (P > 0.05). However, we did not detect significant effects of species, treatment, or their interaction on the residuals of the left ventricle mass/total body mass relationship (P > 0.05). In contrast to the left ventricle, we detected a strong signal of hypoxia-induced right heart growth in lowland P. leucopus that was not present in highland P. maniculatus (Fig. 2C) , which was indicated by a significant species-by-treatment interaction on relative right ventricle mass (Table 1) . Post-hoc one-way ANOVAs revealed a significant effect of treatment within lowland P. leucopus (F 1,18 = 12.6; P = 0.002; Fig. 1C ) and a significant difference between species under hypoxia (F 1,17 = 9.2; P = 0.007; Fig. 2C ); the magnitude of the increase in right-ventricle mass (Fig. 2C ) accounted for most of the apparent increase in total heart mass ( Fig. 2A) in P. leucopus after hypoxia acclimation. The significant species-by-treatment interaction remained when the residuals of right ventricle mass on body mass was used as the response variable (F 1,32 = 4.4; P = 0.04). An analysis of right ventricle mass relative to left ventricle mass (Fulton's ratio, a common measure of right heart hypertrophy; Pichon et al. 2013 ) revealed a similar pattern: Fulton's ratio for lowland P. leucopus increased from 0.28 ± 0.02 under normoxia to 0.35 ± 0.01 under hypoxia, while it remained constant in highland P. maniculatus (normoxia: 0.25 ± 0.02; hypoxia 0.27 ± 0.01). There were significant effects of species (F 1,33 = 9.2; P = 0.004) and treatment (F 1,11 = 8.6; P = 0.005) on Fulton's ratio, but a nonsignificant interaction (P > 0.05).
TRANSCRIPTOME-WIDE DIFFERENTIAL GENE EXPRESSION AND ASSOCIATION OF RIGHT-VENTRICLE HYPERTROPHY WITH CORRELATED TRANSCRIPTIONAL MODULES
Principal components analysis (PCA) revealed a separation of P. leucopus from P. maniculatus along PC1 for both ventricle transcriptomes, but no separation of treatment groups (Fig. S1A, B) . PC1 explained 42% and 44% of the variation in gene expression for left and right ventricle data, respectively, while PC2 explained 17% and 18%. Differential gene expression analyses mirrored the patterns detected in PCA. In both transcriptomes, we identified more than 3000 differentially expressed genes between species (q < 0.05; Fig. S1C, D ), but few (left ventricle: 31 genes; right ventricle: 270 genes) that exhibited significant effects of treatment or the interaction of species-by-treatment (Fig. S1C, D) . See Table S1 for a full list of differentially expressed genes according to full GLMs. Analyses of treatment effects within species for each ventricle revealed striking differences in the transcriptomic response to hypoxia (Table S2 ). In the right ventricle, the transcriptomic response to hypoxia was much more pronounced in P. leucopus, where roughly 9 × as many genes were responsive to hypoxia in P. leucopus (278) compared to P. maniculatus (32). The subsets of hypoxia-responsive genes in the right ventricle showed little overlap between species, with only four genes in common between them. This imbalanced transcriptomic response to hypoxia was not observed in the left ventricle (52 and 67 genes were differentially expressed in P. leucopus vs P. maniculatus, respectively). However, as in the right ventricle, the subsets of hypoxia responsive genes in the left ventricle exhibited little overlap between species; only four genes were differentially expressed across treatments in both species. Weighted gene coexpression network analysis of left and right ventricle transcriptomes yielded similar numbers of modules of a similar size range (Table 2 ). Figure S2 presents cluster dendrograms of ventricle-specific WGCNA networks. We detected a single module containing 41% and 49% of all genes in the transcriptome, for left and right ventricle networks, respectively (Table 2 ; Fig. S2 ). This large module was highly differentiated between species in both ventricles (ANOVA on rank-transformed PC1 scores; right ventricle: F 1,16 = 58.9; P < 0.001; left ventricle: F 1,16 = 48.8; P < 0.001) and negatively correlated with ventricle mass (right ventricle: r = -0.43; P = 0.056; left ventricle: r = -0.45; P = 0.046). As a result of the qualitative and quantitative similarity between left and right ventricle coexpression networks, we used a preservation analysis (Langfelder et al. 2011 ) to formally test for statistical differences in network structure. This analysis revealed that patterns of module membership and within-module connectivity for genes in the left and right ventricle transcriptomes were statistically indistinguishable (Fig. S3) . The composite Z summary preservation statistic was ࣙ10 for all modules, providing strong support for module preservation between ventricles (Langfelder et al. 2011 ). This result is not unexpected since heart tissue is composed primarily of the same cell type (cardiac myocytes). Because preservation analysis suggested that left and right ventricle coexpression networks are statistically indistinguishable, we chose to build a consensus network of shared modules (Langfelder and Horvath 2008) . Consensus network analysis identified nine highly conserved modules between the left and right ventricle transcriptomes (Table 2 ). Similar to the separate coexpression networks, we detected a large consensus module consisting of over 40% of expressed genes (M1; Fig. 3A ). Consensus module sizes ranged from 51 (M6) to 6288 (M1) genes. A total of 4980 genes could not be assigned to any consensus module. A complete list of consensus modules and their associated genes is available online (Table S3) .
We used a combination of principal components analysis (PCA) and regression analysis to determine which consensus modules were associated with variation in heart mass. Among consensus modules, the first axis (PC1) of the PCA explained 38-56% and 35-58% of the variation in gene expression for left and right ventricle data, respectively. As a result, we used PC1 as a measure of consensus module expression, which was then correlated with variation in left or right ventricle mass across individuals from both species. A single module (M1) was correlated with left ventricle mass, though the correlation was Shaded area around regression line is the 95% confidence interval. ANOVA on rank-transformed PC1 scores revealed a significant effect of species on module expression for M8 ( * * P = 0.01) and a species-by-treatment interaction for M7 ( † P = 0.03).
weak and nonsignificant after Bonferroni correction for multiple testing at the α = 0.05 level (Table 3) . Two modules (M7, M8) were correlated with right ventricle mass, each of which remained significant after Bonferroni correction (Table 3 ; Fig. 3 ). We detected species differences in the response of M7 and M8 to hypoxia; most notably, overall expression of both modules increased strongly under hypoxia for lowland P. leucopus, but remained unchanged or decreased in highland P. maniculatus (Fig. 3B, C) . A significant species-by-treatment interaction was detected for M7 (F 1,16 = 5.4; P = 0.03), but not M8 (F 1,16 = 3.1; P = 0.09).
We then performed functional enrichment analysis on phenotype-associated consensus modules to characterize the putative function(s) of genes underlying variation in right ventricle responses to hypoxia. See Table S4 (Supplementary Material online) for a full list of enriched GO terms and associated genes. Analysis of M7 and M8 revealed enrichment for immune functions, including the GO terms "response to interferon-beta" and "innate immune response." In addition, both M7 and M8 were enriched for binding sites of the transcription factor interferon regulatory factor (IRF) and its paralogs. IRFs are part of the JAK-STAT signaling pathway, which regulates the expression of genes involved in immunity, cell growth, cell differentiation, and apoptosis. We detected one (IRF7) and two (IRF1, IRF9) IRF paralogs in modules M7 and M8, respectively (Fig. 4) . For these three IRF's, we calculated the absolute value of intramodular connectivity, kME, in WGCNA to assess whether these transcription factors may act as hub genes within each module (see Methods for details). kME for IRF7 was 0.93, which is in the top 1% of kME scores for module M7. kME for IRF1 and IRF9 were lower than for IRF7 at 0.79 and 0.90, but were still in the top 20% and 7% of M8 genes, respectively. A full list of kME scores for each gene in M7/M8 is reported in Table S5 .
Discussion
The degree to which phenotypic plasticity facilitates adaptive evolution has been an important question in evolutionary biology since the modern synthesis (West-Eberhard 2003) . Although (Table S4 ), a family of transcription factors with known roles in right ventricle hypertrophy. ANOVA on expression values (log 2 -transformed counts per million) revealed a significant species-by-treatment interaction for IRF7 ( † P < 0.05), and a significant effect of species on module expression for IRF1 and IRF9 ( * P < 0.05).
theory and empirical work suggests that both adaptive and nonadaptive plasticity can promote local adaptation (Conover and Schultz 1995; Schlichting and Pigliucci 1998; West-Eberhard 2003; Aubret et al. 2004; Grether 2005; Ghalambor et al. 2007 Ghalambor et al. , 2015 Wund et al. 2008; Pfennig et al. 2010; Mäkinen et al. 2015; Fischer et al. 2016; Ho and Zhang 2018; Hoke et al. 2018) , few studies have explicitly tested for associations between ancestral plasticity and subsequent evolutionary change. We investigated the role of phenotypic plasticity in adaptive evolution using two closely related species of Peromyscus mice, by comparing low-altitude P. leucopus to a high-altitude adapted population of P. maniculatus. Consistent with our predictions, ancestral maladaptive hypertrophy of the right ventricle was suppressed in high-altitude deer mice (Fig. 2C ). Contrary to our predictions, we found inconsistent statistical evidence that adaptive ancestral plasticity in left ventricle size contributes to evolutionary divergence between species (Fig. 2B) . Our results suggest that the loss of maladaptive plasticity contributed to evolutionary divergence between these lowland and highland natives.
LOSS OF RIGHT-VENTRICLE HYPERTROPHY IS ASSOCIATED WITH TWO COEXPRESSION MODULES
Patterns of relative right ventricle growth in response to hypoxia suggest that highlanders have evolved mechanisms that suppress ancestral maladaptive plasticity (Fig. 2C) . We detected a statistically significant interaction between species and acclimation treatment on right-ventricle mass (Table 1) , with lowland P. leucopus but not highland P. maniculatus exhibiting pronounced right-ventricle hypertrophy in response to hypoxia (post-hoc oneway LME; P < 0.05; Fig. 2C ). The hypertrophic response of the right ventricle to hypoxia is ubiquitous among mammals adapted to low altitude (Valdiva 1957; Nakanishi et al. 2002; Sharma et al. 2004; León-Velarde et al. 2010; Storz et al. 2010) , including deer mice (P. maniculatus) native to the Nebraska prairie (430 m a.s.l, unpubl. data). Conversely, many high-elevation specialists exhibit a loss of right-heart hypertrophy in response to hypoxia (Storz et al. 2010) . Therefore, the suppression of right-ventricle hypertrophy we have observed in highland P. maniculatus is likely the result of selection against ancestral plasticity that is maladaptive at high altitude. Growth of the right ventricle is symptomatic of a suite of deleterious responses to hypoxia, including pulmonary hypertension and excessive erythropoiesis, which can lead to heart failure and other acute and chronic disease states in lowland mammals (Richards 1960; Bullard 1972; Monge and Whittenbury 1976; Winslow and Monge 1987; Monge and León-Velarde 1991; Storz et al. 2010) . The observed loss of hypoxia-induced right-ventricle hypertrophy in P. maniculatus could potentially be attributable to genetic changes that safeguard arterial blood-oxygen saturation under hypoxia (e.g., high Hb-oxygen affinity: Storz et al. 2007 ; enhanced breathing rate: Ivy and Scott 2017; increased heart rate: Tate et al. 2017 ) and thus prevent highland mice from expressing maladaptive phenotypes. In this way, highland mice may have evolved compensatory adaptations that buffer their internal blood-oxygen environment against the effects of hypoxia. Such compensatory adaptations would be theoretically beneficial, as they would prevent maladaptive plasticity and allow for responses to tissue hypoxia that are normally adaptive on acute timescales (e.g., erythropoiesis) to be maintained even in the presence of chronic environmental hypoxia. This kind of compensatory strategy, in which an ancestral phenotype is maintained in the presence of a novel and maladaptive environmental stimulus, has been termed genetic compensation by Grether (2005) , and may represent one mechanism by which highlanders adapt to high elevation (Velotta and Cheviron 2018 ). The precise targets of genetic compensation will be a fruitful topic for future research.
Variation in hypoxia-induced growth of the right ventricle was associated with two modules (M7 and M8; Fig. 3 ) that showed patterns of expression consistent with selection against maladaptive plasticity in highlanders. These modules represent clusters of genes with expression profiles that are highly correlated across the transcriptomes of all 20 individuals, and thus represent suites of genes that together vary among species and/or respond to hypoxia in similar ways. Expression (represented as PC1 scores) of modules M7 and M8 was strongly upregulated in lowlanders under hypoxia, but were either unresponsive to hypoxia (M7) or downregulated under hypoxia (M8) in highlanders (Fig. 3D, E) . Gene Ontology (GO) analysis of both modules revealed enrichment for genes involved in immune signaling. Most notably, we detected enrichment of binding sites for paralogs of the transcription factor interferon regulatory factor (IRF ; Table S4 ), which are involved in pathways regulating cell growth, differentiation, and immunity, and are known to play critical roles in cardiac hypertrophy (Jiang et al. 2013 (Jiang et al. , 2014a and several disease states affecting the cardiovascular system in both mice and humans (e.g., vascular intimal hyperplasia and stroke; Zhang et al. 2015) . In mice, expression of IRF1 stimulates cardiac hypertrophy as a response to pressure-overload in the heart that results from pulmonary vasoconstriction (Jiang et al. 2014a) . Similarly, IRF9 is expressed in response to heart hypertrophy, though, in contrast with IRF1, IRF9 acts as an inhibitor of the hypertrophic response to mitigate the potential negative effects of heart overgrowth (Jiang et al. 2013) . Both IRF1 and IRF9 (M8) exhibit higher expression in lowland P. leucopus compared to P. maniculatus (Fig. 4) , and ANOVA on log 2 -transformed expression values (counts per million) revealed a statistically significant effect of species on their expression (IRF1: F 1,17 = 5.0; P = 0.04) and IRF9: F 1,17 = 7.1; P = 0.02). These results provide further evidence that lowland P. leucopus experience a hypertrophic remodeling of the right heart in response to high-altitude hypoxia that has been reduced in highland P. maniculatus. We found that IRF7 (M7), by contrast, was strongly upregulated in response to hypoxia in lowlanders, but constitutively highly expressed in highlanders ( Fig. 4 ; ANOVA; significant species-by-treatment interaction; F 1,16 = 3.9; P = 0.04). IRF7 is a negative regulator of cardiac hypertrophy, wherein expression acts to suppress hypertrophic growth (Jiang et al. 2014) . It is likely therefore that hypoxia-induced hypertrophy stimulates IRF7 expression in P. leucopus as negative feedback to prevent further growth, though this remains to be tested. Constitutive overexpression in highlanders therefore may help to attenuate right-ventricle growth in response to chronic hypoxia (Fig. 2) . IRF7 moreover is likely a hub gene for module M7: its intramodular connectivity score (kME) was in top 1% of kME values for the module. This result suggests that IRF7 plays a key role in regulating the expression of the other 167 genes in its module. Taken together, our results suggest that species differences in interferon regulatory factor signaling are symptomatic of, and may contribute to, differences in heart growth and remodeling under hypoxia between lowland and highland animals. Further research will be necessary to elucidate the cause and effect relationships between the evolution of interferon regulatory signaling and the loss of maladaptive right ventricle hypertrophy in highland deer mice.
In contrast to the right ventricle, the mass of the left ventricle did not increase significantly in response to hypoxia acclimation (post-hoc one-way LME; P > 0.05) ( Fig. 2A, B) . This suggests that hypoxia-induced left ventricle growth in lowlanders is weak or absent altogether when mice are maintained at warm temperature. Although heart size (relative to body size) generally increases with elevation in deer mice (Hammond et al. 1999) , experiments separating the effects of cold from hypobaria suggest that cold temperatures at high altitude have the larger effect on heart growth (Hammond et al. 2001) . Increases in left ventricle size are generally assumed to be beneficial for O 2 transport by augmenting stroke volume and cardiac output (Nespolo et al. 2018) , and would likely be adaptive at high altitudes. However, this might not always be the case if left ventricle growth comes at the cost of a reduction in the size of the ventricle lumen, which could act to impair the filling of the heart and impede output. If this were the case, plasticity in left ventricle size would not necessarily be adaptive. Nevertheless, we did detect a significant main effect of species on relative left ventricle mass (Table 1) , though this result was nonsignificant (P > 0.05) when residuals of left ventricle mass on body mass were used as a response variable. Overall, these results seem to be consistent with our previous finding that cardiac stroke volume is higher in highland P. maniculatus compared to its lowland counterpart (Tate et al. 2017 ), but statistical support for this interpretation is limited.
Weighted gene coexpression network analysis identified a single, large (>6000 genes) module of coregulated genes that was nominally associated with variation in left ventricle mass (M1), though this association did not remain significant after correction for multiple testing (Table 2 ). This association was largely attributable to constitutive species-level differences in gene expression (ANOVA; P < 0.001 effect of species on M1 PC1 scores), a result that was mirrored by PCA and differential gene expression analyses ( Fig. S1 ; ß3300 genes differentially expressed between species). These results are difficult to interpret as some unknown proportion of transcriptomic divergence is likely attributed to genetic drift or other neutral processes. Indeed, our results are consistent with analyses suggesting that gene expression divergence scales with genetic distance (Khaitovich et al. 2005; Whitehead and Crawford 2006) . It is nevertheless intriguing that expression of such a large proportion (ß40%) of the heart transcriptome is differentiated between lowland P. leucopus and highland P. maniculatus. This level of differentiation is far greater than that observed between P. leucopus and P. maniculatus gastrocnemius muscle transcriptomes. In a previous study, Cheviron et al. (2012) identified 623 genes (just 4% of the transcriptome) differentially expressed between these species, which is an order of magnitude lower in proportion than that observed in the heart transcriptome. These results suggest greater differentiation of gene expression in the heart compared to the gastrocnemius.
Gene Ontology (GO) analysis of M1 suggests enrichment of genes that participate in cellular respiration (Table S4 ). We detected significant enrichment of the GO cellular component term "mitochondrion," which was composed of genes that participate in electron transport, including those that encode cytochrome c oxidase, coenzyme Q, ATP synthase, and NADH dehydrogenases. The enrichment of genes involved in "oxidation-reduction processes" is also indicative of a difference in aerobic metabolism functions between species: the conversion of glucose to CO 2 and H 2 O, via reactions that generate the reducing equivalents needed to create the proton motive force used for ATP synthesis, is itself a carefully controlled oxidation-reduction process. These results are consistent with previous research suggesting that there have been large-scale shifts between species in the expression of genes involved in aerobic metabolism in skeletal muscle (Cheviron et al. 2012) . Indeed, hypoxia exposure may be associated with a shift in the metabolic fuel use to support ATP synthesis in the heart, from lipids to carbohydrates, in deer mice and in many other mammalian species. The GO enrichment analysis of module M1 also identified the term "oligosaccharide metabolic process" (Table S4 ), which may be reflective of this metabolic shift.
CONCLUSIONS
Our results suggest that ancestral maladaptive plasticity in right ventricle hypertrophy has been reduced in high-altitude deer mice that have adapted to extreme and constant hypoxia, and that this reduction is associated with shifts in the transcription of genes associated with interferon regulatory factor signaling. We note that it is currently unclear whether shifts in interferon regulatory factor expression are a cause or consequence of changes in right ventricle hypertrophy, and gene knock-out or knock-down experiments will be a fruitful avenue of future research. We find little evidence that selection on adaptive plasticity contributed to evolutionary divergence in highlanders, at least with respect to the cardiac traits we measured. In colonizing novel habitats, organisms may experience both adaptive and maladaptive responses to novel environmental stimuli. Adaptive plasticity may facilitate initial population persistence (Simpson 1953 ), but it can in some cases shield genetic variation from selection (Price et al. 2003) . Traits exhibiting maladaptive plasticity in response to novel stimuli should be under much stronger directional selection than adaptive responses Coulson et al. 2017) . This is because maladaptive responses by definition reduce fitness and should be rapidly eliminated from colonizers. Selection against maladaptive plasticity may be especially important during colonization of extreme environments such as high altitude, where the fitness consequences of deleterious environmental responses could be severe. Future work will need to characterize the strength of selection on gene expression phenotypes, and to test responses to hypoxia over an acute and chronic timescale to more broadly characterize the nature of ancestral phenotypic plasticity and its role in adaptive evolution.
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